Fundamental research within the scope of cell and structural biology as well as nano-technology is increasingly focusing on unraveling interactive biological and biochemical processes and pathways at the macromolecular level. For this, high resolution transmission electron microscopy (TEM) is indispensable. Of paramount importance is the three-dimensional visualization of macromolecular structures and molecular machines in their native hydrated state. Their physical fixation within ultra-thin vitrified ice layers is the crucial starting point. Although vitrification seems easy to achieve it can be quite demanding to realize, considering the various sample properties and vitrification parameters that are significant for acquiring proper results: temperature, relative humidity, blotting frequency and pressure, as well as wait times in between the various steps.
Introduction
Fundamental research within the scope of cell and structural biology as well as nano-technology is increasingly focusing on unraveling interactive biological and biochemical processes and pathways at the macromolecular level. For this, high resolution transmission electron microscopy (TEM) is indispensable. Of paramount importance is the three-dimensional visualization of macromolecular structures and molecular machines in their native hydrated state. Their physical fixation within ultra-thin vitrified ice layers is the crucial starting point. Although vitrification seems easy to achieve it can be quite demanding to realize, considering the various sample properties and vitrification parameters that are significant for acquiring proper results: temperature, relative humidity, blotting frequency and pressure, as well as wait times in between the various steps.
TEM forms an image from electrons transmitted through the sample. Thus, the primary requirement for sample preparation is that the sample be thin enough to permit transmission -generally a few hundred nanometers or less for biological materials. In general, thinner is better, since it increases the fraction of electrons that are transmitted and improves the signal to noise ratio of the image. For vitrified films, where the specimen is not physically sectioned, the thickness of the film may ultimately be limited by In the vitrification process a sample is transformed from a three dimensional aqueous solution, usually at near-biological conditions of temperature and concentration, to a pseudo-two dimensional thin film at cryo temperatures. The vitrification process itself is extremely fast, typically taking only a few microseconds (Dubochet et al. 1992 ), but the procedures that must occur prior to that, as the sample is extracted from solution and applied to the TEM sample grid, occur over a time span of many seconds and provide ample opportunity for interaction between the sample and the environment. Hence the perfect control of important conditions is critical to the success of the preparation process (Frederik and Hubert 2005) .
Heat and Mass Transfer Prior to Vitrification
Sample preparation for cryo-electron microscopy involves a well defined sequence of steps: application of the sample to a specimen grid, blotting away excess fluid, draining/thinning the film, and finally, vitrification, achieved by plunging the thin sample into a liquid coolant (typically ethane, propane or nitrogen). Once the solution is applied to the grid it has an extremely high surface to volume ratio and its behavior is dominated by processes that occur at the air/liquid interface. The most important of these interactions are heat and mass transfer that result from evaporation. These may be analyzed as a dew point effect and the specimen will ultimately achieve an equilibrium temperature dependent on the temperature and relative humidity of the sample preparation environment.
Although the specimen solution and the preparation chamber may initially be at the same temperature (typical laboratory ambient of 20 °C and 40% relative humidity (rH)) evaporation from the sample reduces its temperature to the dew point where, in the absence of additional heat input, evaporation and condensation are in equilibrium. At the dew point, the partial vapor pressure of water in the environment equals the saturated vapor pressure of the dew point temperature. It can be shown that for conditions typical for sample preparation, the sample will attain the dew point temperature very quickly, ranging from a few tenths of a second for relatively thick films, to less than a tenth of a second for film thicknesses below 500 nm. The cooling of the sample to the dew point creates a temperature differential across which heat continues to flow so that there is a steady movement of mass (evaporating water) from the sample into the environment. The evaporation rate depends on temperature and relative humidity and is independent of film thickness. Figure 1 plots evaporation velocity as a function of relative humidity for five different temperatures (20° -60 °C). Clearly, it will be easier to achieve a consistent film thickness at higher relative humidity where the evaporation velocity is lower. Furthermore it is clear that thin film preparation under room conditions (e.g. 20°C and a relative humidity of 40%) may result in an appreciable loss of water -in two seconds a film will lose 80 nm of its thickness. Evaporation also affects the solute and particle concentrations of the film. An 80 nm reduction in the thickness of a 160 nm film essential doubles the concentration. Changes in solute concentration (osmotic effects - fig 2) may induce changes in the very structures one wishes to observe. Finally, higher relative humidity reduces the temperature differential between the environment and the evaporatively cooled sample, making it easier to avoid temperature induced changes (thermal effects - fig 3) in the structure. It should be apparent that higher relative humidity in the preparation chamber combined with precise timing of the various steps of the pre-vitrification preparation will yield enhanced control of the temperature, thickness and concentration of the sample up to the instant of vitrification, and avoid thermally and osmotically induced changes in structure.
Automated, robotic vitrification
The vitrification robot or Vitrobot™ is a guillotine-like device. The vertical motion is provided by a driven rod to which standard forceps clamping a sample grid are attached. The blotting action is provided by blotting paper attached to rotating disks that are arranged to close on the sample like "clapping hands". The disks rotate to provide a fresh blotting surface for each clap and the duration and pressure of each action are precisely controlled. The entire apparatus is enclosed in an environmental chamber. A shutter at the bottom of the chamber provides access to the rod to load new forceps/grids and to plunge the sample into the coolant.
The operational sequence begins with lowering the rod under stepper motor control and attaching the forceps and grid through the opened shutter. The rod retracts and the shutter closes. The sample solution is loaded onto the grid through a hole in the chamber using a pipette to extract solution from a vial inside the chamber, and deposit a controlled amount (typically 3 fj. 1) on the grid. The grid is positioned for blotting and a controlled sequence of blotting actions is performed. The grid is allowed to drain/thin for a controlled period of time. Finally the rod is disengaged from the stepper motor and pneumatically propelled (approx. 2 m/sec) through the shutter into the coolant. After vitrification the coolant reservoir engages the rod/forceps/sample assembly and can be removed from the system to permit further manipulation and transfer to the TEM using conventional cryotransfer tools. All aspects of the preparation sequence are controlled by a computer system that includes an easy-to-use operator interface.
The environmental chamber can be heated or cooled through a range of 4° to 60° C by using a Peltier cooling/heating element. An ultrasonic mist generator provides forced humidification and can achieve 100% rH in about one minute. A serendipitous effect of working at high humidity is the elimination of minor temperature differences within the chamber. Water condenses on cooler surfaces, raising their temperatures, and evaporates from warmer surfaces, lowering their temperatures.
The same technology (and the reasoning behind) can be applied to the cryo-EM observation of thin films prepared from suspensions in organic solvents (Butter et al., 2003) and this further broadens the scope of cryo-EM.
Three Dimensional Reconstruction
Molecular biologists (and others who would analyze the structure of organic macromolecules) are confronted with a number of difficult challenges. The structures that they seek to analyze offer inherently low contrast, being composed primarily of lighter elements, often embedded in a close packed matrix of similarly composed molecules -as in the interior of a cell. The samples are delicate and easily damaged by the electron beam. The structures are often flexible, such that the same molecule may assume a range of configurations. In fact, the ability to change configuration in response to specific stimuli is an important functional characteristic of many biological molecules. Finally, the molecules often function as part of larger complexes of several molecules.
Conventional methods for determining molecular structure 
Figure 5 Doxorubicin-loaded liposomes reconstructed using electron tomography. Image courtesy ofFrederik and Hubert 2005 (also see Lasic etall995).
include X-ray diffraction of crystals (XRD) and nuclear magnetic resonance (NMR) spectroscopy. Though these techniques are both capable of atomic level resolution each has limitations that restrict its application to a relatively narrow class of molecules. XRD requires the sample to be crystallized. It can take months or years to find conditions under which a particular molecule will crystallize, and once a crystal has been formed the question remains whether the crystallized structure accurately reflects the in vivo structure. NMR does not require crystallization but does require a large number of identical molecules. The analysis of NMR data is computationally intense and structural determination can take months for even a relatively simple molecule.
CryoEM cannot match the atomic scale structural resolution of these techniques but is broadly applicable to most biological materials. In many ways CryoEM may be considered complementary to XRD and NMR. It does not require crystallization and can be used to observe molecules in their native biological environment. It works particularly well with larger molecules and molecular complexes, as in the determination of tertiary and quaternary protein structure. Its ability to literally freeze molecular motion allows users to study structural dynamics and interactions between molecules.
All TEM images are a two dimensional projections of three dimensional structures. There are two fundamentally different approaches to recreate the 3D structure from the projections: socalled single particle analysis (SPA) and electron tomography. As mentioned previously, TEM images of biological material inherently have a low contrast because of the composition of the material. This situation is compounded by the restrictions placed on total exposure to the electron beam in order to avoid beam induced damage. The information contained in low-dose images is often impossible to discern visually. Both SPA and tomography average the information from a large number of images to enhance the contrast and signal-to-noise ratio of the final reconstruction.
Single particle analysis is a somewhat misleading terminology since in fact it relies on the combination of images from a large number of identical particles in arbitrary orientations. The images are first selected and categorized into groups with similar orientations. The images in each group are then averaged to refine the resolution and contrast of that projection. Finally the averaged projections from all groups are back projected to recreate the 3D structure of the sample. SPA works best with rigid structures since any flexibility interferes with both the grouping and averaging procedures. In SPA each particle is only exposed to the beam once, relaxing, to some extent, the restrictions on beam current. The total number of images included in the analysis is limited only by the number of particles available for imaging. A typical analysis may include tens of thousands of images. Theoretically the resolution can be increased arbitrarily by increasing the number of images, though the large number of images required imposes a practical limit on resolution of one to two nanometers. The entire process from image acquisition through analysis has been automated, providing results in as little as twenty-four hours. Figure 4 shows the structures of three different biological samples as determined by SPA.
Electron tomography acquires multiple images of a single particle as it is rotated incrementally around an axis. Ideally the particle should be rotated through a full 360°. However, practical considerations limit the rotation to ± 70°, leaving a region of uncertainty in the resulting reconstruction. Because the same particle is exposed repeatedly to the beam, limiting the electron dose is a primary concern. The resulting images have extremely low 
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Located inWestmont, Illinois, the College of Microscopy is an institution for specialized instruction and education, whose goal is to advance the knowledge and understanding of light and electron microscopy for materials analysis. contrast and low signal-to-noise ratios. Special computational techniques are used to enhance the information content of the images, which are then back-projected to reconstruct the sample structure. Tomography typically provides structural resolutions of a few nanometers, but has the advantage of looking at a single particle frozen in time. Particle flexibility does not interfere with the analysis. By analyzing a collection of such particles tomography can provide information about structural variability and eventually structural dynamics. The same capability permits investigations of particle interactions and concomitant structural changes.
Time resolved CryoEM
The speed and precise timing of robotic vitrification offers the prospect of time resolved CryoEM. A number of mechanisms have been proposed to initiate interactions among molecular components that can then be captured at some subsequent instant in time to study the progress of the interaction. The mechanisms include spraying the interacting components on the grid, using electrostatic fields to deflect a spray onto the grid, and blotting dry components onto the sample with impregnated blotting paper. Another innovative approach uses "caged "compounds; bound substances (e.g. ATP, Ca, protons) that are released upon the interaction of a flash of UV light. Using this technique it may be possible to attain a minimum time interval between flash and vitrification as short as 1 msec.
Conclusion
Automated, robotic vitrification provides tight control of temperature and humidity in the sample preparation environment, as well as precise control of timing for all steps in the process. Temperature and humidity in the sample preparation environment determine the rate of heat and mass transfer from the sample. Operating at high rH reduces evaporation velocity and, when combined with precise timing, improves both the speed and consistency of the vitrified thin film specimens, and avoids osmotic and thermal effects that may induce structural changes in the sample. Vitrification provides samples that are in a nearly pristine natural state, and that lend themselves well to the analysis of three dimensional structure using single particle analysis and electron tomography. The ability of vitrification to freeze samples in a moment of time holds further promise in the development of time-resolved CryoEM which would allow researchers to follow the progress of molecular processes over time courses as brief as a few milliseconds. The combination of robotic vitrification and CryoEM will likely play an important role in our growing understanding ofmacromolecular processes. Megapixel side-mount ncations are quiaiy Decoming the standard for laboratories all over the world, and we are setting those standards today. With our 11 Megapixel camera Morada (side-mounted), we are once again pushing the envelope of camera performance. If you have a brand-new, state-of-the-art TEM or an older microscope -we can bring you to the forefront of digital imaging.
The Morada is packed with performance -up to 11 Megapixels and a dynamic range of 14 bits. Combined with a pixel size of 9 microns for high sensitivity and technology that allows rapid read-out of data, the Morada offers a field of view that is twice that of a conventional photo plate.
More details about the Morada can be found on our web site: www.soft-imaging. 
